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ABSTRACT
A parametric investigation on the influence of above water hull form, vertical center of

gravity, and bilge keel damping on the roll response of a notional combatant hull form was

pursued via model testing of a 1/32nd scale ship model in the Maneuvering and Seakeeping

(MASK) basin of the Naval Surface Warfare Center, Carderock Division (NSWCCD). Model
5613 was built with an underbody that could be joined at the waterline with three different
topside hull forms — a V-flare design, a “tumblehome” wave piercing design, and a
“conventional” wall sided design. The models were tested in oblique regular waves at speeds
ranging from zero to 25 knots full scale. The results are presented as plots of roll damping, non-
dimensional transfer functions, and tables of response amplitudes for roll and transverse

accelerations at the bow, center of gravity (cg), and stern.
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This work was conducted at the David Taylor Model Basin, Naval Surface Warfare Center,
Carderock Division (NSWCCD) by the Seakeeping Division (Code 5500). The work was
sponsored by Office of Naval Research, Program Element No. 602123N, Work Unit Number
03-1-5400-608, 04-1-5500-712, and 04-1-5600-255.

INTRODUCTION

As a result of advances in materials, stealth, and propulsion technology, ship designers have
proposed several new and sometimes radical hull form design innovations. In particular, the
departure from nominally wall-sided hulls to hull forms containing tumblehome (inward sloping
sides) has become prevalent, sometimes having a large impact on the ship’s seakeeping
characteristics. Linear seakeeping prediction programs that do not consider the hull geometry
above the calm waterline (body-linear) are essentially making the assumption that the ship is
wall-sided near the waterline. As motions become larger and/or hulls become non-wall-sided,
the linear seakeeping programs become inadequate. While new tools are evolving to help the
ship designer understand the impact of his design decisions, the physics of nonlinear ship
motions (in particular the rolling motion of a ship in waves) are still not fully predictable.'*?

In an effort to better understand the influence of above the waterline hull geometry on roll, a

series of model tests were conducted on a model that was built to accept three different above-

" References are presented on page 169.




water hull shapes (topsides) — each attached in turn to the same below-the-waterline hull form
(underbody). The tests were designed to create a roll response database documenting the
influence of above waterline hull geometry, the effect of bilge keel span, and the effect of
metacentric height on the rolling motion of a ship in waves. The models were tested in regular
waves whose lengths varied from 0.5 to 4 times the ship length, (Lpp), at four speeds (0,5,15,
and 25 knots full-scale), three relative wave headings (bow, beam, and stern-quartering) and in
constant 1/60 (H/A) steepness. Roll decrement tests were also conducted in calm water on each
hull at each ballast condition and model configuration. The roll decrement Test Matrix is
presented in Table 1 below. The regular wave test matrix was the same for all three hulls in
waves of steepness H/A = 1/60. However, additional wave steepnesses were tested in beam seas
for the condition (GM and bilge keel span) deemed most appropriate for the particular hull. This
test matrix can be seen in Table 2.

Table 1. Roll Decay Test Matrix

GM7 = 1.50m GM; = 2.50m
BK-span = BK-span = BK-span = BK-span =
1.25m 1.75m 1.25m 1.75m

Roll Decays
Speed (kts)

0

5

15

25
ALL = All models tested
ONRFL = Flared hull tested
ONRTH = Tumblehome hull tested
ONRWS = Wall-Sided hull tested




Table 2. Regular Wave Test Matrix

GMT =1.50m GMT =2.50m
BK-span = BK-span = BK-span = BK-span =
1.25m 1.75m 1.25m 1.75m

Regular Waves
Waves Speed (kts)

Bow Qrtr Seas
(45 deg)
H/A = 1/60

ONRFL, ONRWS

Beam Seas
(90 deg)
H/A = 1/30

ONRFL, ONRWS

ONRFL, ONRWS

ONRFL, ONRWS

Beam Seas
(90 deg)
H/A = 1/60

Beam Seas ONRFL, ONRWS

(90 deg) ONRFL, ONRWS

H/A = 1/90 ONRFL, ONRWS

ONRFL, ONRWS

Stern Qrtr Seas 5
(45 deg) 15
H/A = 1/60 25
Key: ALL = All models tested
ONRFL = Flared hull tested
ONRTH = Tumblehome hull tested
ONRWS = Wall-Sided hull tested




MODEL DESCRIPTION
The overall ONR tasking for the roll response investigation included the design and
construction of a hull model suitable to achieving the goals of the program. The only intial
requirements was that the three hulls would have identical underbody lines while having three

different shaped topsides - i.e. 10-degree flared sides, 10-degree tumblehome sides, and a wall-

sided hull.

Hull Form Design

One of the goals was to ensure that lessons learned would be applicable to ships that would
actually be designed and built, versus a simpler, mathematical type hull form. The easiest way to
do this was to use an existing design as a baseline. A government-designed hull form, similar in
size and characteristics to the DDGS51, was chosen for the underbody. The underbody lines
needed to be altered such that the each topside would be appropriately matched to the underbody.
For the most part, this meant adjusting the placement of the bulb longitudinally so that the stem
could transition in a reasonable manner for each of the topsides. The section shapes will, in
some cases, have abrupt changes at the calm waterline, because there is no way to maintain
constant curvature for all three topsides. A table of the resultant underbody’s characteristics is
given in Table 3. The waterline that is common to all three topsides is shown in Figure 1.

The above-water geometry maintains a constant angle of inclination (10, 0, or -10 degrees)
for as much of the length of the hull as possible. In the bow region, it would have been possible
to maintain the angle for all three topsides, at the expense of a “normal” looking bow. While the

constant 10 degrees of tumblehome created a wave-piercing bow representative of a typical

tumblehome ship, it was necessary to change the bows of the Flare and Wall-Sided topsides. A

flared bow shape was added for these two cases, in order to give the designs a more realistic
form. The size of the bow flare is smaller for the Wall-Sided ship than the 10- degree Flare ship.
The difference in bow shape is evident in the composite profile view given in Figure 2. This
figure also demonstrates the identical deck heights and hull “step™ location. The section shapes

of the 3 hulls can be seen in Figure 3 through Figure 5.




Table 3. Hull Characteristics
Full-Scale (15C, SW) 1/32 Model-Scale (20C, FW)
Lpp 154 m 505 ft 481 cm 15.8 ft (189.6 in)
Beam 18.8 m 61.7 ft 58.8 cm 1.93 ft (23.2 in)
L/B 8.2 8.2 8.2 8.2
Max. Depth 14.5m 47.6 ft 45.3 cm 1.49 ft (17.8 in)
Max. Freeboard 9.00 m 29.5 ft 28.1 cm 0.92 ft (11.1 in)
Draft 550 m 18.0 ft 17.2 cm 0.56 ft (6.77 in)
Displacement 8790 tonnes 8650 LT 261 kg 575 Lbs
LCB (aft of FP) 79.6 m 261 ft 249 cm 8.16 ft
VCB (above BL) 326 m 10.7 ft 10.2 cm 0.33 ft (4.01 in)
KMy 9.74 m 320 ft 30.4 cm 1.00 ft (12.0 in)

—

Figure 1. Common Waterline for Model 5613

N/
1

Figure 2. Composite of Profiles for Flare, Wall-Sided, and Tumblehome Hulls




Figure 4. Body Plan of 10 Degrees Tumblehome Topside Design




&

Figure 5. Body Plan of Wall-Sided Topside Design

Appendage Descriptions and Locations

An overall view of the appendages and their vertical and transverse locations is given in
Figure 6. The underbody of the 3 hulls was designed to be a twin-screw, twin-rudder, centerline-
skeg ship. Additionally, the ship was designed to accept a bilge keel that would be centered at
midship and have a chord length equal to 1/3 the ship length. To achieve the goals of this test
program, changing the span of the bilge keels would modify roll damping. Two spans were
selected for this study: 1.25 m and 2.50 m. It was decided later that the 2.5 m span exceeded
that which would be practical to build and install on a ship. Instead, the large span test was
conducted with a set of bilge keels whose span was reduced to 1.75 m. The bilge keel trace was
determined by computing a 15-kt streamline at a point located as seen in Figure 7.

The rudders are based on those of DDG-51. The rudder post is located at station 19.1, 3.10
m off the centerline. The top of the rudder (including the rudder stool) runs from station 18.9 to
19.7. The bottom of the rudder runs from station 19.1 to 19.5. The span, excluding the rudder
stool, 1s 5.30 m.

The shafts are supported by V-struts located at station 18.2. The shafts themselves are

inclined downward at 5.0 degrees from the horizontal. The hull penetration occurs at station




15.8, 4.10 m off the centerline and the end-point of the shaft (at the forward face of the propeller

hub) is at station 18.4, 0.08 m above the baseline.

Figure 6. Body Plan View of Appendage Locations
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Figure 7. Station 10 Cut with Bilge Keel Cross-Section




Model Design and Construction

The scale of the model was chosen to be 1/32 - balancing the desire for: a) the largest
possible model, minimize measurement error and scale effects, and provide flexibility in
instrumentation and ballasting, and b) restrictions in tank size. The Maneuvering and
Seakeeping (MASK) basin limits the size of the model with respect to the run length (distance
and time), maximum achievable carriage speed, and wave-making capabilities.

The design of the model itself required consideration of the most efficient way to build and
test the three different hull forms. It was decided that a single model with interchangeable
topsides was the best route to take. This ensured that each hull had exactly the same underbody
and also allowed for the model outfitting (motors, shafts, propellers, rudders, and most sensors)
to remain in the model for the duration of the test program. Additionally, the cost of
construction was cheaper than constructing three separate models.

Computer Sciences Corporation (CSC) was contracted for the detailed design and
construction of the model, based on a proposed design-for-build provided by NSWCCD, Code
5500. The final design produced an underbody made of “-inch thick fiberglass that uses a
flange system at the waterline to mate with the three topside models made of plywood and a
fiberglass skin. The bow bulb portion of the underbody is detachable at Station 2 and was
constructed out of high-density foam.

A picture of the underbody interior is given in Figure 8, while pictures of the three topsides
are given in Figure 9 and Figure 10. The underbody is resting on a cart, while the topsides
(orange with black station markings) are stacked next to the model. The flange is the yellow
portion of the underbody that is visible. Not pictured are alignment “pins” at the bow and stern
that mate with the flange at the waterline edge of the topside. To protect the watertight integrity
of the model, “RTV” silicone was applied to the flange to create a seal with the topside flange.
The use of “mold release” allowed for removal of the RTV when exchanging topsides. The
connection and compression of the topside to the underbody was achieved through the use of
several custom c-clamps. Additionally, two threaded holes at the stern allowed for the use of
screws where the shallow lines would not allow clamps. A threaded rod was also used at the
bow to secure the bow bulb portion of the underbody to the topside. For connection strength in
the longitudinal direction, the topside bulkhead at station 8 was connected by means of a pipe

clamp to station 8 bulkhead of the underbody.



Figure 10. Hull with Flare Topside Attached, Under Carriage
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The two sets of bilge keels (1.25 m and 1.75 m span, full-scale) were also produced by CSC.
They were designed such that they could easily be exchanged while the model was hoisted a few
inches above the water while beneath the carriage. Alignment pins and threaded holes ensured
that the bilge keels were aligned properly.

The rudders and rudder stools were built by NSWCCD with the SLA rapid prototyping
machine. The propellers were 4-bladed with a 6.4-inch diameter and had a P/D of 1. The
propellers were installed to be outboard turning.

NSWCCD’s model number convention dictated that the first hull would receive the original
number and then modifications to that hull (i.e. changing topsides) would receive extensions to

that model number. Thus, the model numbers tested were:

e Model 5613  Flare Hull
e Model 5613-1 Tumblehome Hull
e Model 5613-2 Wall-Sided Hull

Model Test Set-Up

Hull Ballasting

The models were ballasted to an even keel with a model-scale displacement of 575 Lbs (full-
scale displacement of 8790 tonnes (SW)). The nominal radii of gyration to which the models
were ballasted were 0.38*B, 0.25*Lpp, and 0.25*Lpp for roll, pitch, and yaw, respectively.
These were the same for both of the tested metacentric heights of 1.5m and 2.5m, full-scale.

Ballasting of the models was achieved through a combination of direct measurement and
calculation by spreadsheet. The radii of gyration and VCG of the underbody (i.e. the lower hull,
all transducers, motor, props, rudders, and rudder servo motor) were determined by inclining and
swinging the underbody from NSWCCD’s inertia A-frame apparatus. While suspended in air,

the underbody’s roll and pitch periods were measured in order to determine respective mass

moments of inertia. The mass moments of inertia and VCGs of each of the topsides were
measured in the same manner. A spreadsheet was then used to calculate the weight and inertias
of the combined models and determine the locations of ballast weights needed to achieve the
desired loading condition. Finally, the model were floated and a second incline experiment
performed to determine the hulls’ transverse metacentric height. The achieved ballast conditions
can be seen in Table 4. It is assumed that the difference in displacement and mass moments of

inertia between the two bilge keel configurations is negligible.




